Conventional scintillation detectors are typically single crystals of heavy-metal oxides or halides doped with rare-earth ions that record the recombination of electron-hole pairs by photon emission in the visible to ultraviolet. However, the light yields are typically low enough to require photomultiplier detection with the attendant instrumental complications. Here we report initial studies of gamma ray detection by zinc oxide (ZnO) nanowires, grown by vapor-solid deposition. The nanowires grow along the c-axis in a wurtzite structure; they are typically 80 nm in diameter and have lengths of 1-2 µm. The nanowires are single crystals of high quality, with a photoluminescence (PL) yield from band-edge exciton emission in the ultraviolet that is typically one hundred times larger than the PL yield from defect centers in the visible. Nanowire ensembles were irradiated by 662 keV gamma rays from a Cs-137 source for periods of up to ten hours; gamma rays in this energy range interact by Compton scattering, which in ZnO creates F + centers that relax to form singly-charged positive oxygen vacancies. Following irradiation, we fit the PL spectra of the visible emission with a sum of Gaussians at the energies of the known defects. We find highly efficient PL from the irradiated area, with a figure of merit approaching 10 6 photons/s/MeV of deposited energy. Over a period of days, the singly charged O + vacancies relax to the more stable doubly charged O ++ vacancies. However, the overall defect PL returns to preirradiation values after about a week, as the vacancies diffuse to the surface of these very thin nanowires, indicating that a self-healing process restores the nanowires to their original state.
INTRODUCTION
Zinc oxide (ZnO) has attracted enormous attention for potential applications in optoelectronics [1, 2] , nanolasers [3, 4] , and sensors [5, 6] due to its wide direct bandgap (3.37 eV) and large exciton binding energy (60 meV). In the last decade, there has also been a resurgence of research focusing on ZnO as a scintillating material [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . A scintillator absorbs ionizing radiation and emits light in the visible to UV range for acquisition by conventional detectors, often requiring the use of high-voltage photomultiplier tubes. Zinc oxide has several properties that are appealing for scintillation applications: sub-nanosecond response times for excellent timing resolution [15] , high quantum efficiency light output [14] , and higher radiation hardness than other common semiconducting materials such as Si and GaN [17] .
Room-temperature photoluminescence (PL) spectra for ZnO comprise two emission bands. One is a sharp band-edge peak centered at 3.37 eV that is due to exciton recombination, while the other is a broad visible emission peak centered at 2.3 eV that is a superposition of various intrinsic defect emissions. Recent studies of ZnO nanorods have yielded convincing evidence for assigning the singly charged oxygen vacancy (V O + ) and the doubly charged oxygen vacancy (V O ++ ) to visible defect emissions at approximately 2.5 and 2.2 eV respectively [18] .
The material density of ZnO (5.61 g/cm 3 ) is less than that of conventional heavy-metal oxide scintillators but greater than that of plastic scintillators [19] ; this results in a relatively low gamma-ray stopping power. However, nanostructured ZnO exhibits a high degree of crystallinity, which can result in an efficient band-edge exciton emission. ZnO can also be grown into highly-faceted and vertically-oriented nanowires providing highly directional, efficient, guided-wave emission [4] . This combination of attractive properties has the potential to yield a highly efficient gammaradiation detector unencumbered from conventional requirements such as high-voltage photomultiplier tubes.
In this paper we report the first studies of vertically-oriented arrays of ZnO nanowires irradiated by 662 keV gamma rays from a Cs137 source. The band-edge exciton emission appears to be unaffected by the gamma rays, while an initial blue-shift and increase in PL intensity is seen in the visible defect emission immediately after irradiation. This strongly indicates the formation of F+ centers that relax to form singly-charged oxygen vacancies, VO+. Over the course of two to three days these oxygen vacancies decay to the more stable doubly-charged oxygen vacancy VO++ as the trapped electrons escape the potential wells of the oxygen vacancy, thus returning the visible emission spectrum to the baseline observed before irradiation. This study demonstrates a self-annealing process, restoring gamma-irradiated ZnO nanowires to their original state, and illustrates the potential of the ZnO nanowires for scintillator applications.
MATERIALS AND EXPERIMENTAL METHODS
Zinc oxide nanowires with typical diameters of order 80-100 nm and aspect ratios of 10-12 were grown onto a 500 µm thick, 1 x 3 cm 2 fused silica substrate using a modified vapor-solid method described previously [20] . The nanowire morphology and uniformity of the sample were then assessed by a scanning electron microscope (SEM, Hitachi, S-4200) with micrographs taken at 3 mm intervals along the length of the sample. PL measurements were then acquired at approximately the same locations as the SEM images. The band-edge emission spectra were attained using 0.1 s accumulation time for four repetitions, while the visible emission was much lower in intensity and required an accumulation time of 5 s. The locations that displayed the smallest variance in photoluminescence intensities were then selected for use in subsequent irradiation experiments. Before irradiating, the sample was masked using a 2.5 cm thick lead brick with a 5 mm wide rectangular aperture to minimize vignetting effects. The sample was then placed inside a J. L. Shepherd and Associates Mark I cesium irradiator at a distance of 2.5 cm from an 84 TBq 137 Cs source, which is a mono-energetic emitter of 662 keV gamma rays. At this distance, the dose rate was measured to be 0.17 Gy/s = 0.17 J/kg/s~10 18 eV/kg/s.
One of the six sample locations was masked during all irradiations and served as a reference. A 5x5 mm 2 section of the sample was then irradiated for 10 hours (3.6x10 4 s) to examine dose-dependent irradiation effects. Immediately after this irradiation, PL spectra were taken at a central position in each of the six locations in the sample and at 0.1 mm offsets left, right, above, and below the initial position for a total of five PL measurements per location. The intensities of the five spectra were then averaged to provide a more accurate representation of the emission. To examine the longtime-dependent effects of irradiation, the sample was subjected to daily PL measurements using the same averaging method. The sample was stored under dark conditions in ambient atmosphere between all measurements. OZn
RESULTS AND DISCUSSION
The uniformity of the ZnO nanowire sample can be seen in Figure 1 from the SEM micrographs and the overlaid PL spectra. The nanowires are very similar in morphology and interwire distances with an average diameter of 80 nm and an average length of 1.5 µm. In addition, the PL spectra show less than 10% variation in the integrated areas for both the band-edge and visible emissions, establishing this sample as suitable for comparative measurements. The integrated area of the band-edge emission peak is more than two orders of magnitude greater than that of the visible emission peak, indicating that the nanowires are highly crystalline with low defect concentration.
Radioactive 137 Cs emits mono-energetic 662 keV gamma rays that primarily interact with ZnO through Compton scattering. In this process, the gamma rays gradually lose energy through interactions with conduction-band electrons. Initially, the gamma rays possess enough energy to ionize the constituents of the ZnO, but as the energy decreases, electrons are instead excited high into the conduction band and holes are created deep in the valence band, leading to the production of doubly-charged oxygen vacancies within the lattice that serve as trap sites for electrons excited high into the conduction band; singly charged oxygen vacancies are created by electron decay from the band edge. In addition, the 662 keV gamma rays possess enough energy to displace oxygen atoms in ZnO, with a displacement threshold of 310 keV; however, the zinc atoms, with a displacement threshold of 900 keV, do not undergo displacements [22] . Photoluminescence spectra taken before irradiation show a broad peak in the visible centered near 510 nm that arises from doubly-charged oxygen vacancies. After a radiation dose of 6000 Gy, that peak doubles in intensity and blueshifts to 490 nm. This corresponds to the formation of additional oxygen vacancies that subsequently trap electrons to form singly-charged oxygen vacancies. Over a period of three days, the 490 nm photoluminescence peak is reduced in intensity and redshifts back to the baseline value as the electrons escape the potential wells and the oxygen vacancies diffuse to the surface of the ZnO nanowires. Figure 3 shows this annealing effect for the patch of nanowires irradiated for 10 hours, corresponding to a dose of approximately 6000 Grays, as the photoluminescence is monitored for 72 hr following irradiation.
To extract a scintillation efficiency or figure of merit Φ in terms of photons detected as a function of energy deposited by the γ rays, it is critical to understand how the concept of a nanowire scintillation detector differs from the conventional one. In a typical scintillation counter, the γ rays are fully stopped within a macroscopic volume of order cm samples a small portion of the irradiated volume, corresponding to the focal volume of the PL pump laser. Moreover, while the individual nanowires are crystalline ZnO, the assembly of nanowires covers only a fraction of the area (and volume) irradiated by the γ rays . All these factors will now be assembled to evaluate the photoluminescence efficiency of the ZnO nanowires.
For 662 keV gamma rays, the mass attenuation coefficient for ZnO was interpolated from recent literature [21] This remarkably high yield suggests that the ZnO nanowire pads -even when probed over an area of 100 µm 2 by the photoluminescence, could be sensitive to total doses at least a factor of 100 less than what were used in the present experiment. This is surprising in view of the fact that the effective stopping power of the ZnO nanowire assemblies is much less than typical high-Z number scintillators. However, the high crystallinity of the nanowires combined with wave-guiding effects can explain the relatively high photoluminescence response. Thus, small as it is, the entire volume of each nanowire can potentially contribute to photon yield through the creation of optically active defects and subsequent defect luminescence, whereas in conventional scintillators the small concentration and relatively low quantum yields of the activator dopants (typically rare-earth atoms) dramatically reduce the effective volume in which the observable reactions eventually take place. Moreover, the wave-guiding effect of the nanowires assures an essentially unidirectional photon emission for detection, resulting in a highly efficient overall process. Fig. 3 . Room-temperature photoluminescence measurements taken each day for three days following irradiation. In (a), the peak centered at 380 nm corresponds to the band-edge exciton emission while the inset displays Gaussian fits for the visible emission. The dashed and dotted lines correspond to the fits for singly and doubly-charged oxygen vacancy emissions respectively. In (b), the relative intensities for the singly and doubly-charged oxygen vacancy emissions, as well as for the band-edge emission, are shown as a function of time.
Two Gaussian peaks were fit to the visible emission at photon energies that corresponded to singly and doubly-charged oxygen vacancies, known from the literature to be the dominant species. These fits are displayed as dashed and dotted lines respectively. Integrating the areas under these fitted Gaussians yields the graph shown in Figure 3b . Before irradiation, the fitted Gaussians show that the majority of the emission is due to doubly-charged oxygen vacancy emission, shown as the dotted red trace. However, after the first day, the majority of the emission blue-shifts to energies that correspond to singly-charged oxygen vacancies, depicted as the dashed red trace. Over the next few days, the emission recovers to baseline levels with predominantly doubly-charged oxygen vacancies. This suggests that the main effects of gamma irradiation on highly-crystalline ZnO nanowires is electronic in nature and does not result in significant structural changes.
The time-dependent relaxation effects on the defect luminescence are shown in Figure 3(b) . The band-edge emission, seen as the narrow peak centered around 380 nm in Figure 3a , does not appear to be significantly affected. This is shown in Figure 3b as the solid blue trace exhibits less than 5% variance in the integrated areas. However, the visible emission history shown in Figure 3b , shown as solid red, blue, and magenta traces for day 1, 2, and 3 respectively, displays an increase in overall intensity and a blue-shift in peak location before returning to baseline levels after three days.
As stated before, the primary interaction of the 660 keV gamma rays with the ZnO sample is through Compton scattering. In Compton scattering, as the high-energy gamma ray sscatters from the electron clouds, electron-hole pairs are created and the scattered photon loses energy, as depicted in Figure 4 . As the energy of the gamma ray is gradually reduced through these interactions, electrons are excited high into the conduction band, rather than being ionized. In ZnO, it is more energetically favorable for these electrons to combine with an existing doubly-charged oxygen vacancy, V O ++ , than to recombine with the hole. This leads to the formation of an F + center, which relaxes to form a singly charged oxygen vacancy, V O + . Secondary interactions occur when the gamma rays interact directly with the Zn and O species within the ZnO lattice. 
CONCLUSIONS
The visible emission of the gamma-irradiated ZnO nanowires returns to pre-irradiation values after a few days under dark conditions, as oxygen vacancies diffuse to the surface of the very thin nanowires. The self-annealing process, when coupled to the irradiation-insensitivity of the band-edge emission, is in good agreement with the consensus that bulk ZnO is hardened versus gamma irradiation. The research presented here affirms this property for the highly crystalline nanowire architecture whose high emission efficiency has the potential to compensate for the intrinsically low stopping power of the ZnO material. In addition, with the flexibility of the nanowire architecture, it should be possible to intercalate a high-Z material between the nanowires to attenuate incoming gamma rays and yield improved scintillation efficiency. The vertical orientation of the nanowires also has the potential to improve efficiency through waveguiding effects as emission is confined within, and propagates along, the nanowire.
